Introduction {#s1}
============

Asthma is a chronic respiratory disorder, characterised by wheezing, shortness of breath, chest tightness and airway hyperresponsiveness, affecting \>200 million people globally \[[@C1]\]. The majority of asthmatics show a T-helper type 2 cell (Th2)-dominant phenotype defined by eosinophilia and atopy; however, phenotypes with non-Th2-like inflammation have been characterised \[[@C2]\]. Eosinophilia correlates with disease severity \[[@C3]\]. During respiratory infection-associated exacerbation eosinophilia can be mixed with neutrophilia or even replaced by it \[[@C4]\].

The epithelium-derived Th2-promoting cytokines interleukin (IL)-33, thymic stromal lymphopoietin (TSLP) and IL-25 play a major role in asthma severity and are elevated in asthmatics \[[@C5]\]. Several genome-wide association studies have highlighted an association between polymorphisms of TSLP, IL-33 and the IL-1 receptor-like 1 locus and asthma \[[@C6]\]. Release of these cytokines can be triggered by allergen challenge and by respiratory viral infections. IL-33, TSLP and IL-25 are drivers of inflammation, and their blockage abrogates inflammation \[[@C5]\].

Stimulation with pathogen-associated molecular patterns (respiratory infections *via e.g.* Toll-like receptor 3 and RIG-I-like helicases) and damage-associated molecular patterns (*e.g.* ATP and uric acid) triggers the assembly of a multiprotein complex, the inflammasome. The most studied inflammasome is the NACHT, LRR and PYD domains-containing protein (NLRP)3 inflammasome \[[@C7]\]. Stimulatory triggers result in the recruitment of ASC and pro-caspase-1 to NLRP3, which leads to the processing and activation of caspase-1. Mature caspase-1 then cleaves the pro-forms of the pro-inflammatory cytokine IL-1β into its active forms, which in turn triggers the release of other pro-inflammatory cytokines \[[@C8]\]. The relevance of IL-1β in asthma has been implicated; asthmatics show higher levels of IL-1β in serum and its role in airway inflammation has been studied in mouse models \[[@C7]\].

We hypothesised that, despite controversial findings, caspase-1 is involved in the production of another IL-1 family member, IL-33, which is involved in Th2-features of asthma exacerbations.

Methods {#s2}
=======

Bronchial epithelial cell culture and rhinovirus infection {#s2a}
----------------------------------------------------------

Cultures of human bronchial epithelial cells (HBECs) from asthmatic donors were obtained by bronchoscopy using a fibre-optic bronchoscope (IT160; Olympus, Tokyo, Japan). The procedure was performed in accordance with standard published guidelines and processed as described previously \[[@C9]\]. Patients provided written informed consent, and approval was obtained from the regional ethical review board at Lund University (Lund, Sweden; permit no. 218/2011). Patients' characteristics are presented in [table 1](#TB1){ref-type="table"}. Additionally, primary bronchial epithelial cells from healthy donors were purchased (Lonza, Walkersville, MD, USA). HBECs were cultured in bronchial epithelial growth medium (Clonetics, San Diego, CA, USA). For experiments, HEBCs were seeded in 12-well plates (Nunc; Life Technologies, Carlsbad, CA, USA) and when 80--90% confluent, the cell monolayer was infected with 1 multiplicity of infection rhinovirus RV16. Cell lysates were obtained 24 h post-infection.

###### 

Characteristics of the asthma patients included in this study; all asthmatics were atopic

  **Sex**    **Age years**   **FEV**~**1**~ **% pred**   **Concomitant medication**
  --------- --------------- --------------------------- ----------------------------
  Male            21                   89.2                      ICS, SABA
  Male            30                   94.8                      ICS, SABA
  Male            39                   95.7                      ICS, SABA
  Female          19                   115.9                     ICS, SABA
  Female          32                   101.5                        ICS
  Female          26                   102.5                      ICS/SABA
  Female          25                   79.8                         None
  Female          25                   96.3                         None

FEV~1~: forced expiratory volume in 1 s; ICS: inhaled corticosteroids; SABA: short-acting β-adrenoceptor agonist.

Mouse model and study design {#s2b}
----------------------------

Experiments were approved by the regional laboratory animal ethics committee in Malmö/Lund (permit no. M36-13) and performed as previously described \[[@C10]\]. In short, C57BL/6 wild-type and caspase-1^-/-^ mice (provided by Catharina Svanborg, Lund University, Lund, Sweden) were challenged with 25 µg house dust mite (HDM; Greer, Lenoir, NC, USA) 3 days·week^−1^ for 3 weeks and were subsequently exposed to three doses of 50 µg polyinosinic:polycytidylic acid (poly(I:C); InvivoGen, San Diego, CA, USA). The experiment was terminated 24 h after the last poly(I:C) exposure. Lavage of the lungs was performed with PBS and lung tissue was snap-frozen and stored at −80°C until further processing.

Bronchoalveolar lavage fluid analysis {#s2c}
-------------------------------------

Cytospin of bronchoalveolar lavage fluid (BALF) was run and stained with May-Grünwald/Giemsa. 400 cells were counted and classified as neutrophils and eosinophils. Total count of BALF cells was performed and total BALF protein concentrations were determined.

Gene expression analysis by quantitative real-time PCR {#s2d}
------------------------------------------------------

Total RNA was extracted from HBEC lysates and frozen mouse lung homogenates (Nucleospin RNA II; Macherey-Nagel, Düren, Germany) and was reverse-transcribed to cDNA (Precision nanoScript2 reverse transcription kit; PrimerDesign, Southampton, UK). Then quantitative real-time PCR was run on a Mx3005P qPCR system (Stratagene, La Jolla, CA, USA) with standard cycling parameters. Primers were obtained from PrimerDesign and Qiagen (Sollentuna, Sweden). Samples were analysed using the ΔΔCt method \[[@C11]\] and related to UBC/GAPDH expression for *in vitro* experiments and 18S rRNA for *in vivo* experiments.

Quantification of Th2-upstream cytokines by ELISA {#s2e}
-------------------------------------------------

IL-33, TSLP and IL-25 levels were measured in mouse lung homogenates according to the manufacturer\'s instructions (R&D Systems, Abingdon, UK) and normalised to total protein content of the lung homogenates (BCA assay; Pierce, Thermo Scientific, Waltham, MA, USA).

Immunohistochemistry staining {#s2f}
-----------------------------

Mouse lung tissue was paraffin-embedded and cut into 4-µm sections. Sections were blocked with 5% serum, followed by overnight incubation with a primary goat anti-mouse IL-33 antibody (R&D Systems) at 4°C. Then sections were incubated with a secondary donkey anti-goat IgG antibody (R&D Systems) and staining was visualised with 3,3′-diaminobenzidine (Vector Laboratories, BioNordika, Stockholm, Sweden) and background stained with haematoxylin. Stained sections were scanned (Aperio; Leica Microsystems, Bromma, Sweden).

Statistical analysis {#s2g}
--------------------

Data are presented as mean±[sem]{.smallcaps}. Statistical analysis was performed in R \[[@C12]\]. p-values \<0.05 were regarded as statistically significant. Comparison of different groups was performed using the Kruskal--Wallis test, with the Wilcoxon analysis post-testing.

Results {#s3}
=======

Caspase-1 expression is induced after rhinovirus infection in primary bronchial epithelial cells of asthmatics {#s3a}
--------------------------------------------------------------------------------------------------------------

In order to investigate whether caspase-1 expression is altered after rhinovirus infection, primary bronchial epithelial cells from asthma patients and healthy individuals were infected with the major group rhinovirus RV16. 24 h post-infection gene levels of caspase-1 were assessed. While caspase-1 expression did not differ at baseline between diseased and healthy epithelial cells, there was a significant induction in caspase-1 expression after RV16 infection exclusively in bronchial epithelial cells from asthmatics (p\<0.01; [figure 1](#F1){ref-type="fig"}), which was not present in healthy epithelium. Based on our observation we proceeded to study the role of caspase-1 in a mouse model of asthma exacerbation.

![Rhinovirus (RV) infection induces caspase-1 expression in bronchial epithelial cells in asthma. Human bronchial epithelial cells from asthmatic and healthy donors were infected with 1 multiplicity of infection RV16 and gene expression of caspase-1 was measured by real-time quantitative PCR 24 h post-infection. Data are presented as mean±[sem]{.smallcaps} fold change of unstimulated healthy control relative to UBC/GAPDH expression. Comparison of different groups was performed using the Kruskal--Wallis test and Wilcoxon post-testing. \*: p\<0.05 *versus* healthy subjects; \*\*: p\<0.01. Data were obtained from eight asthmatic and four healthy donors.](00047-2017.01){#F1}

Lack of caspase-1 does not affect general lung inflammatory parameters in an experimental mouse asthma exacerbation model, but reduces eosinophilia while increasing neutrophilia {#s3b}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

For *in vivo* studies of the involvement of caspase-1 in asthma exacerbations, wild-type and caspase-1 deficient mice were challenged with HDM, which was followed by subsequent exposure to the viral mimic poly(I:C) (online supplementary figure S1) This model shares features with viral infection-evoked asthma exacerbations, including mixed granulocyte bronchial inflammation \[[@C10]\]. Mice deficient in caspase-1 did not differ in BALF cell count from their wild-type littermates, but had a higher total protein concentration at exacerbation ([figure 2a](#F2){ref-type="fig"} and b). After HDM challenge caspase-1 deficient mice exhibited markedly reduced eosinophilia and neutrophilia (p\<0.05; [figure 2c](#F2){ref-type="fig"} and d). While lack of eosinophilia was sustained during exacerbation, levels of neutrophils showed a trend to be elevated in mice deficient in caspase-1 ([figure 2c](#F2){ref-type="fig"} and d), changing the inflammatory phenotype. Similarly, gene expression of the eosinophil-recruiting chemokine CCL11 was not increased at exacerbation in knockout mice compared to their wild-type littermates ([figure 3](#F3){ref-type="fig"}).

![Effect of caspase-1 deficiency on lung inflammatory parameters and inflammatory cell subsets in a mouse model of asthma exacerbation. Mice were challenged with house dust mite (HDM) 3 days·week^−1^ for 3 weeks and were then stimulated with polyinosinic:polycytidylic acid (poly(I:C)) or saline for 3 days. Lavage of the lungs was performed using PBS 24 h after the final poly(I:C) exposure. Bronchoalveolar lavage fluid (BALF) a) cell count and b) protein concentration were measured. Cytospins were stained with May--Grünwald/Giemsa and cells were counted and classified as c) eosinophils and d) neutrophils. Data are presented as mean±[sem]{.smallcaps}. Comparison of different groups was performed using Kruskal--Wallis with Wilcoxon post-testing. \*: p\<0.05; \*\*: p\<0.01 *versus* wild-type. Data were obtained from 5--8 mice per group.](00047-2017.02){#F2}

![Expression of CCL11 is not induced in caspase-1 deficient mice at exacerbation. Mice were challenged with house dust mite (HDM) 3 days·week^−1^ for 3 weeks and were then stimulated with polyinosinic:polycytidylic acid (poly(I:C)) or saline for 3 days. CCL11 gene expression was measured in lung homogenates. Data are presented as mean±[sem]{.smallcaps}. Comparison of different groups was performed using the Kruskal--Wallis test with Wilcoxon post-testing. \*\*: p\<0.01. Data were obtained from 5--8 mice per group.](00047-2017.03){#F3}

Lack of caspase-1 reduces protein but not gene levels of IL-33 {#s3c}
--------------------------------------------------------------

The IL-1 family member IL-33 is known to be upregulated during asthma exacerbations \[[@C5]\] and is associated with eosinophilia \[[@C13]\]. We thus measured gene and protein levels of this cytokine in mouse lung homogenates. At the gene level IL-33 was upregulated during exacerbations in wild-type and caspase-1 deficient mice. There was a trend towards higher expression of IL-33 in mice lacking caspase-1, although this was not statistically significant ([figure 4a](#F4){ref-type="fig"}). Gene expression of IL-1β, another IL-1 family member expressed downstream of caspase-1, was induced at exacerbation in wild-type mice and showed a trend towards higher induction in caspase-1 deficient mice (online supplementary figure S2) and thus followed expression of IL-33. In contrast, protein levels of mature bioactive IL-33 were significantly reduced in exacerbating caspase-1 deficient mice compared with wild-type mice (p\<0.001; [figure 4b](#F4){ref-type="fig"}). In addition, reduction of IL-33 expression in mice lacking caspase-1 was detected by immunostaining of mouse lung sections ([figure 4c](#F4){ref-type="fig"}).

![Lung interleukin (IL)-33 protein expression *in vivo* depends on caspase-1. Mice were challenged with house dust mite (HDM) 3 days·week^−1^ for 3 weeks and were then stimulated with polyinosinic:polycytidylic acid (poly(I:C)) or saline for 3 days. IL-33 a) gene and b) protein expression was measured in lung homogenates. Data are presented as mean±[sem]{.smallcaps}. Comparison of different groups was performed using the Kruskal--Wallis test with Wilcoxon post-testing. ^\#^: p\<0.05; ^\#\#^: p\<0.01; \*\*\*: p\<0.001 *versus* wild-type. Data were obtained from 5--8 mice per group. c) A representative image of lung IL-33 immunostaining. Scale bars=100 µm.](00047-2017.04){#F4}

Lack of caspase-1 reduces expression of the Th2-upstream cytokines TSLP and IL-25 {#s3d}
---------------------------------------------------------------------------------

To further elucidate whether caspase-1 contributes to the expression of other Th2-upstream cytokines, levels of TSLP and IL-25 were measured in lung homogenates. Gene expression of TSLP and IL-25 tended to be induced at exacerbation in wild-type mice, while there was no induction in caspase-1 deficient mice ([figure 5a](#F5){ref-type="fig"} and c). Similarly, at protein level, expression of IL-25 and TSLP was lower at exacerbation in caspase-1 deficient mice compared to their wild-type counterparts ([figure 5b](#F5){ref-type="fig"} and d).

![Caspase-1 deficient mice have a lower expression of lung T-helper type 2 (Th2)-upstream cytokines at exacerbation. Mice were challenged with house dust mite (HDM) 3 days·week^−1^ for 3 weeks and were then stimulated with polyinosinic:polycytidylic acid (poly(I:C)) or saline for 3 days. Gene (a, c) and protein (b, d) expression, of a, b) thymic stromal lymphopoietin (TSLP) and c, d) interleukin (IL)-25 was measured in lung homogenates. Data are presented as mean±[sem]{.smallcaps}. Comparison of different groups was performed using the Kruskal--Wallis test with Wilcoxon post-testing. ^\#^: p\<0.05; \*: p\<0.05, \*\*: p\<0.01 *versus* wild-type. Data were obtained from 5--8 mice per group.](00047-2017.05){#F5}

Discussion {#s4}
==========

Activation of the NLRP3 inflammasome emerges to play a main role in airway inflammation and innate immunity in asthma. Viral pathogens, such as rhinovirus, are main triggers of asthma exacerbations and are sensed by the inflammasome \[[@C14]\]. Further studies provide evidence that the NLRP3 inflammsome and caspase-1 are expressed in the airway epithelium, the first barrier against invading pathogens, and can be activated by allergens \[[@C15]\]. Lack of NLRP3 in a murine allergic asthma model results in reduced airway inflammation and Th2 cytokine production \[[@C16]\]. However, other studies fail to show involvement of NLRP3 on Th2 type inflammation \[[@C17], [@C18]\]. The role of the NLRP3 inflammasome in asthma remains thus controversial and data on the involvement of NLRP3 in asthma exacerbations are scarce. The present translational data, involving rhinovirus-infected bronchial epithelium from asthmatic donors and a mouse model of viral stimulus-induced exacerbations, support the possibility of a causative role of caspase-1 in Th2 inflammation of asthma exacerbations.

In this study we have demonstrated involvement of the inflammasome in Th2 cytokine expression and immunity in a viral stimulus-induced asthma exacerbation model. Based on our findings that infection with rhinovirus induces caspase-1 expression exclusively in asthma bronchial epithelium, we employed a translational mouse model of asthma exacerbation involving caspase-1 deficient mice, and show for the first time that caspase-1 is involved in inducing eosinophilia and CCL11 during exacerbation and is involved in the induced expression of the Th2-upstream cytokines IL-33, TSLP and IL-25. These findings are of interest as treatment options for viral-induced exacerbations are insufficient and a better understanding of the disease and factors involved could contribute to the discovery of novel drug targets.

There is some evidence for the involvement of the inflammasome in the pathogenesis of asthma. Levels of IL-1β are elevated in asthmatics, contributing to airway hyperreactivity \[[@C19]\]. Furthermore, patients with neutrophilic asthma show higher levels of NLRP3 and caspase-1 expression \[[@C20]\]. In addition, infections with respiratory viruses, which are main triggers of asthma exacerbations, can activate the inflammasome. In this study we have shown that experimental infection with rhinovirus *in vitro* induces caspase-1 expression exclusively in bronchial epithelial cells from asthmatic donors, which is in agreement with a recent report on influenza-induced inflammasome activation in asthma epithelium \[[@C21]\].

Findings from rather pure cell culture experiments can be different from studying whole-lung responses *in vivo*, where there is interplay of different structural cell types, immune cells and other factors. In order to elucidate the function of caspase-1 in a whole-lung setting, we employed a translational mouse model of asthma exacerbations \[[@C10]\] involving wild-type and caspase-1^-/-^ mice. Since in our *in vitro* model rhinovirus infection exclusively induced caspase-1 expression in asthmatic bronchial epithelial cells, we intended to study effects of lack of caspase-1 solely in allergic mice receiving a viral-like stimulus, in order to elucidate a role for caspase-1 at asthma exacerbation. Furthermore, while the role of the inflammasome or its compartments has been studied in mice with allergic inflammation, to our knowledge there are no studies investigating the role of caspase-1 in mouse models of asthma exacerbations.

Mice deficient in caspase-1 showed similarities in terms of general inflammatory parameters at exacerbation, measured as cell count and total protein concentration in BALF, compared to their wild-type littermates. However, dissecting the leukocyte levels by differential cell count revealed a different picture: eosinophilia, induced by HDM-challenge in wild-type mice, was completely abrogated in mice lacking caspase-1. At exacerbation, which displayed a mixed neutrophilic--eosinophilic phenotype in wild-type mice, lack of eosinophilia in caspase-1 deficient mice was sustained, while there was a higher influx of neutrophils. Similar to our finding involving the asthma-relevant allergen HDM, in a mouse model of ovalbumin (OVA)-induced allergic inflammation inhibition of the NLRP3 inflammasome \[[@C16]\] or addition of a broad-spectrum caspase inhibitor \[[@C22]\] reduced OVA-induced eosinophilia. Excessive neutrophilia at exacerbation in caspase-1^-/-^ mice could be due to a delayed neutrophil apoptosis as suggested by R[owe]{.smallcaps} *et al.* \[[@C23]\].

A high eosinophil count is a predictor of future asthma exacerbations \[[@C24]\]. Eosinophils, in contrast to neutrophils, express the IL-33 receptor ST2 through which IL-33 can activate eosinophils and affect eosinophil survival \[[@C25], [@C26]\]. In our model we demonstrate that a reduction in eosinophilia at exacerbation was accompanied with a reduction in bioactive IL-33 in caspase-1 deficient mice. In accordance with our findings, blockage of the NLRP3 inflammasome reduced eosinophilia and IL-33 in a mouse model of OVA-induced allergic inflammation \[[@C16]\]. In contrast, the same group reported that lack of caspase-1 was associated with eosinophilia and increased IL-33 levels in a mouse model of HDM-induced allergic inflammation \[[@C27]\]. While they rightfully point out that unlike OVA challenge, HDM challenge does not require a sensitisation phase, they did sensitise their mice in order to mimic their previous OVA study protocol. It is surprising that a change of allergen would have such opposing effects, despite a similar study protocol. Furthermore, compared to the present study the dosing regimen of HDM in the latter study was shorter and less chronic and included a sensitisation phase of HDM, which could explain differences seen in the inflammatory pattern of both wild-type and caspase-1^-/-^ mice. Technical differences such as the source of HDM extract might as well contribute to the conflicting findings. P[ost]{.smallcaps} *et al.* \[[@C28]\] compared the biochemical composition of HDM extract used by M[adouri]{.smallcaps} *et al.* \[[@C27]\] (ALK-Abello, Hørsholm, Denmark) and in this study (GREER, Lenoir, NC, USA) and found that the ALK-Abello extract had a higher serine/cysteine protease activity than the GREER extract. Furthermore, the GREER extract had a more pronounced effect on epithelial barrier function and induced allergic sensitisation and airway remodelling, suggesting that differences in composition can cause differences in actions of compounds. It should be noted that none of the mentioned studies investigated the effect of caspase-1 in a model of viral-induced asthma exacerbation.

In contrast to previous studies that investigated the involvement of inflammasome in mouse asthma models using challenges with OVA \[[@C16], [@C22]\], we used repeated challenges with HDM, an allergen relevant to human asthma, to induce airway inflammation without the need for an adjuvant. Challenges with HDM induce mainly eosinophilic inflammation as seen in asthma patients \[[@C3]\]. Infections with rhinovirus have been employed *in vivo* to model viral-induced exacerbations and have shown success in OVA-challenged mice \[[@C29]\]. However, others have failed to establish an exacerbation phenotype in HDM-challenged mice \[[@C30]\]. In contrast, stimulation with poly(I:C), as in the present study, has emerged as a reproducible method for inducing exacerbation responses *in vivo* \[[@C31]\].

In our model we observed that caspase-1 deficiency did not significantly alter IL-33 gene expression, while levels of mature bioactive IL-33 were reduced. This could be confirmed by staining of paraffin-embedded lung sections. Here, IL-33 expression was reduced in epithelium of caspase-1 deficient mice. However, the involvement of caspase-1 in processing of IL-33 remains controversial \[[@C32], [@C33]\]. The triad of Th2-upstream cytokines, despite differences in structure and receptor usage, share similar effects on Th2 cytokine expression and can cross-regulate each other \[[@C34]\]. Similar to IL-33, TSLP and IL-25 protein levels were lower at exacerbation in our model in mice lacking caspase-1. Inhibition of caspase-1 has been shown to block TSLP expression in activated mast cells \[[@C35]\].

In conclusion, we show that caspase-1 expression is exclusively induced in primary bronchial epithelial cells from asthmatic patients by rhinovirus infection. Furthermore, in an experimental mouse model of viral stimulus-induced asthma exacerbation using mice deficient in caspase-1 we show that caspase-1 may induce lung protein levels of the Th2-upstream cytokines IL-33, TSLP and IL-25, which is associated with an induction of eosinophilia. It could be speculated that caspase-1 might affect maturity of IL-33, which would potentially lead to changes in eosinophil recruitment. Targeting caspase-1 signalling is warranted to explore its role in rhinovirus-induced asthma exacerbations. While this study touches on some important aspects of caspase-1 signalling in viral stimulus-induced asthma exacerbations, further studies are warranted, carefully dissecting the exact mechanisms by which this pathway affects Th2 immunity.
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